Abstract-We numerically simulate novel planar plasmonic waveguides and notch filters with excellent guiding and rejection of terahertz (THz) waves with super subwavelength confinement. Our design is based on spoof surface plasmon polaritons-surface plasmon polaritons with a frequency that has been tuned using patterned conductive surfaces. We find that by using patterns of periodically arranged spiral-shaped units, the dispersion characteristics can be engineered at will by tuning the parameters of the spirals. We find that the resulting plasmonic waveguides have much lower asymptotic frequencies and much tighter terahertz field confinement when compared with conventional rectangulargrooved plasmonic waveguides. We show it is possible to design a structure with lateral dimensions that are only 25% the size of the conventional spoof surface plasmon polariton waveguides but with the same asymptotic frequency. Finally, we combined this architecture with broadband couplers to design an ultrawideband low-pass filter with sharp roll-off (cut-off frequency at 1.29 THz) and low insertion loss (<3 dB). Furthermore, by introducing double ring resonators based on spiral-shaped units, a planar plasmonic notch filter with rejection of more than 17 dB between 0.97 and 0.99 THz is demonstrated. The proposed waveguides and notch filters may have great potential applications in the promising terahertz integrated plasmonic circuits and systems.
Super Subwavelength Guiding and Rejecting of Terahertz Spoof SPPs Enabled by Planar Plasmonic
Waveguides and Notch Filters Based on Spiral-Shaped Units I. INTRODUCTION S URFACE plasmon polaritons (SPPs) are surface electromagnetic (EM) waves that propagate along a metaldielectric interface [1] , [2] . The frequency of a SPP is related to the plasma frequency of the metal at the interface and dielectric constant of the surrounding material. For most metals, the plasma frequency lies in the ultraviolet range, and common dielectric materials have a dielectric constant in the range ε∼1-10. As a result, typical SPPs frequencies correspond to the visible or infrared region of the electromagnetic spectrum. Unlike typical plane wave radiation, the fields of SPPs can be confined to subwavelength scales. As a result, SPPs are not constrained by the diffraction limit, and this makes SPPs promising tools for the development of nano-photonics, nano-optoelectronics, and near-field optics [3] - [9] . In particular, SPPs at THz or lower frequencies would have many useful applications in ultracompact integrated devices, circuits, and systems. However, producing SPPs in this frequency range still remains a fundamental challenge.
One approach to mimicking the features of SPPs at lower frequencies is to use spoof or designer SPPs [10] . Spoof SPPs are able to reproduce the properties of conventional SPPs at much lower frequencies by using a patterned conductor. This results in a material with an effective plasma frequency that is set by the dimensions of the pattern. By appropriately choosing the dimensions, and by consequence the effective plasma frequency, spoof SPPs may be produced in any desired frequency regime. To date, it has been demonstrated that low frequency spoof SPPs can be confined and guided using domino waveguides [11] and periodic arrays of subwavelength grooves or holes patterned onto conducting sheets [12] , [13] or wires [14] .
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structures. In particular, planar plasmonic waveguides have become a very promising candidate for versatile plasmonic integrated devices and circuits at terahertz and microwave frequencies. The advantages of these waveguides are their ultra-thin dimensions, tight field confinement capabilities, simple fabrication, and easy integration with active components. In recent years, many devices based on planar plasmonic waveguides such as filters, interconnects, concentrators, couplers, antennas, and amplifiers have been proposed for different applications [15] - [22] . Propagation of spoof SPPs has been demonstrated by connecting arrays of rectangular- [23] - [25] , T- [26] , and trapezoidal-grooves [27] , L-shaped and folded stubs [15] , dumbbell structures [16] , and square spirals [17] to ultra-thin metallic strips.
The dispersion and propagation characteristics of planar plasmonic waveguides can be tuned by varying the geometry and the dimensions of the waveguide. However, lowering the asymptotic frequency of the lowest order spoof SPP mode, implying better field confinement, usually requires deep grooves for the periodic conducting units. This leads to larger lateral dimension for the waveguides and this is detrimental for preserving the otherwise compact size. To this end, miniaturization of waveguides is one of the most significant challenges for their practical applications in highly integrated circuits and systems, and research on novel efficient planar plasmonic waveguides with lower asymptotic frequencies, tighter confinement, and smaller size has become one of the key topics in terahertz technology.
In this paper, novel planar plasmonic waveguides with periodically arranged ultra-thin metallic spiral-shaped units are proposed for excellent subwavelength terahertz guiding properties with super subwavelength field confinement and extremely compact size. The dispersion and propagation characteristics are investigated. It is found that these characteristics can be flexibly engineered by controlling the parameters of the spiral-shaped units without increasing the lateral dimension of the waveguides. Compared with the conventional rectangular-grooved plasmonic waveguides, the proposed waveguides possess much lower asymptotic frequency and much stronger terahertz spoof SPP confinement due to the extraordinary flatness of the dispersion relation and the unique negative group velocity guiding characteristics. Furthermore, the lateral size of the proposed waveguides may be reduced by over 70% compared to conventional waveguides with the same asymptotic frequency. Broadband couplers relying on several graded-length spiral-shaped units and tapered coplanar waveguide (CPW) are applied to effectively couple quasi-TEM mode terahertz wave into a straight and a 90°sharp bend plasmonic waveguides to verify the properties of the proposed waveguides. Lastly, a planar plasmonic notch filter loaded with double ring resonators based on spiralshaped units with high rejection of spoof SPPs over 17 dB (up to 40 dB) is designed to mitigate contamination of unwanted signals arising from external sources. The proposed waveguides and notch filters may have great potential applications in the promising ultra-compact terahertz integrated plasmonic circuits and systems. 
II. DISPERSION AND PROPAGATION CHARACTERISTICS OF THE PLASMONIC WAVEGUIDES WITH SPIRAL-SHAPED UNITS
The proposed terahertz planar plasmonic waveguide consists of an ultrathin metallic strip connected to a periodic array of subwavelength Archimedean spirals. The entire structure is supported by a flexible dielectric substrate. A schematic of this waveguide is displayed in Fig. 1(a) . The conventional rectangular-grooved plasmonic waveguide unit is shown in Fig. 1(b) for comparison. The yellow and black regions represent the metallic strip and substrate, respectively. Since metals usually act as a perfect electric conductor (PEC) at terahertz frequencies, we assume the metallic strip as PEC without thickness and the dielectric substrate as Rogers-5880 with the relative permittivity of 2.2 and the thickness of t s = 1 μm. The spirals are attached to the central ultrathin metallic strip via a small rectangular connection. If we take the origin O (0, 0) be the center point of the inner spiral curve, the inner, (x 1 , y 1 ), and outer, (x 2 , y 2 ), curve functions of the spirals are expressed as:
where t ranges from 0 to n (the number of turns in the spiral), b is the turn spacing, and w is the width of the strip that makes up the spiral. As indicated in the figure, r = bn is the inner loop radius. The period, lateral height, and the inner spiral length of the spiral are set as d, h, and l. By comparison, the period, groove depth, and strip width of the conventional rectangular-grooved strip unit are set as d g , h g , and w g , respectively.
The dispersion and propagation characteristics of the terahertz spoof SPPs for the proposed plasmonic waveguides are studied by using the finite element method (FEM). In the numerical simulations, the spiral is placed in a sufficiently large vacuum box with periodic boundaries in the y-direction and perfect electric boundaries in both x and z directions. Using the eigenmode solver, the dispersion relations are obtained by simulating the eigenfrequencies of the waveguide units at a given wave vector, k. The dispersion curves for the fundamental spoof SPP modes using a 3-turn spiral and rectangular-grooved unit are plotted in Fig. 2(a) . In both cases, the dispersion curves deviate from the light line (k 0 = ω/c 0 , where ω is the angular frequency, k 0 and c 0 are the wave number and light speed in vacuum, respectively). This behavior is similar to the natural SPP behavior in the optical regime. It is noteworthy that the dispersion curve of the spiral-based waveguide deviates even farther from the light line. Specifically, with the same unit period (d = d g = 14 μm) and lateral height in x-direction (h = h g = 12.5 μm), the asymptotic frequency of the proposed structure with n = 3 is 1.21 THz, more than 3x lower than the 3.84 THz found with the conventional structure. Typically, the asymptotic frequencies of conventional spoof SPP waveguides are inversely proportional to the groove depth h g [23] . For the spirals, the effective groove depth is the length of the spiral. As a result, the proposed plasmonic waveguides achieves a much lower asymptotic frequency with the same lateral di- mensions because l can increase rapidly, leading to better field confinement compared to conventional plasmonic waveguides. To investigate how much the lateral dimensions can be reduced, we determine the lateral dimensions of a rectangular-grooved waveguide needed to produce the same asymptotic frequency of 1.21 THz. We find that for h = 12.5 μm for the proposed structure, the conventional waveguide requires h g = 49.5 μm, corresponding to a decrease in size of 74.7%. Fig. 2(b) shows the dispersion relations for n-turn spirals with n ranging from 0.25 to 3. It is clear that the dispersion curves deviate from the light line more severely as l increases. However, the decrease in the asymptotic frequency quickly slows as n increases (especially when n is greater than 2). This is consistent as l increases only incrementally for n > 2 because the additional turns in the spiral occur near the center. This could be compensated by reducing b, which would dramatically increase l and should further decrease the asymptotic frequency.
It is interesting to note that an extraordinary flatness and unique negative group velocity (v g = dω/dk) can be clearly observed for 0.33 < kd/π < 1, where the eigenfrequency decreases from 1.29 THz to 1.21 THz, as shown in Fig. 2(a) . This negative group velocity behavior is also observed for the n-turn spirals with n ࣙ 1, as shown in Fig. 2(b) , where there is a strong coupling of the spoof SPPs in the spirals. To better understand the coupling effect, we display the normalized magnitude of the electric field distribution, |E|, for spirals with different n in Fig. 2(c)-(h) . It is clear that for n ࣙ 1, there is strong EM coupling in regions where different spiral turns nearly overlap. For larger n (or longer spirals), the coupling increases resulting in a higher equivalent capacitance and inductance, and this lowers the asymptotic frequency. On the other hand, for the spirals with n ࣘ 0.75, the distance between parts of the spiral remains large and the EM coupling is much weaker. In this case, positive group velocity in the dispersion relations is observed, just like the conventional rectangular-grooved unit.
The normalized field distributions of terahertz spoof SPPs for the spiral-shaped unit and the rectangular-grooved unit with h = h g = 12.5 μm at 1.21 THz are compared in Fig. 3 . Fig. 3(a) and (b) display the normalized magnitude of the magnetic field, |H|, and electric field, |E|, distributions in the x,y-plane, and 3(c) is the normalized |E| distribution of x, z-plane for the spiral-shaped unit. Fig. 3(d) , 3(e), and 3(f) give the corresponding field distributions for the rectangular-grooved unit. Lastly, Fig. 3(g) and 3 (h) plot lineouts of the |E| along the white dashed lines shown in Fig. 3(b) , 3(e), 3(c), and 3(f), respectively, which are normalized to the same maximum |E| value of both units. The simulations show that the magnetic and electric fields of terahertz spoof SPPs are tightly concentrated along the spiral, with a much higher field magnitude and stronger confinement than the conventional waveguide. These characteristics are attributed to the much larger wave vector k at 1.21 THz for the spoof SPP mode when spirals are used, as shown in Fig. 2(a) .
III. DEMONSTRATION OF PLASMONIC DEVICES
To demonstrate the utility of our spoof SPP architecture, we design a coplanar waveguide-planar plasmonic waveguidecoplanar waveguide (CPW-PPW-CPW) structure. In this design, two broadband couplers with the width of the CPW slowly tapered down to match the width of the thin metallic strip connecting the spirals. As illustrated in Fig. 4(a) , the whole structure is composed of three regions: a CPW (region I) for transmitting a quasi-TEM mode, a CPW-PPW coupler (region II) for a smooth quasi-TEM mode to spoof SPP mode conversion, and a uniform PPW for the spoof SPPs (region III). In region II, the flaring grounds and seven graded-length spirals with n i = 0.375i (i = 1, 2, 3, 4, 5, 6, 7) are employed for smooth momentum matching. This is accomplished by using the fact that as n i increases, the dispersion curve deviates farther away from the light line, with lower asymptotic frequency, as shown in Fig. 2(b) . Then, for a given terahertz frequency, the wave vector k (or momentum p = k, where denotes the reduced Planck constant) of the terahertz wave will increase gradually with increasing i, thereby allowing smooth momentum matching from the quasi-TEM guided waves of the CPW to the spoof SPPs of the PPW. These couplers enable effective terahertz coupling into the plasmonic waveguide with low reflection and high transmission efficiency. In region III, the uniform PPW consists of 10 3-turn spirals attached to a metal strip. Fig. 4 (b) displays the simulated transmission coefficient S 21 and reflection loss S 11 . Because of its dispersion characteristics, the plasmonic waveguide acts as an ultra-wideband lowpass plasmonic filter. From the simulations, the lowpass filter has a flat passband with an insertion loss less than 3dB, and a very sharp roll-off with the cut-off frequency of 1.29 THz. The cut-off frequency matches the highest frequency of the dispersion curve of the spiral-shaped unit in region III from Fig. 2(a) . We note that this is blue shifted from the asymptotic frequency of 1.21 THz because of the anomalous dispersion. By controlling the length l (or the number of turns n) of the spirals in region III, the cut-off frequency can be easily adjusted. The mode of operation can be confirmed by examining the normalized electric field distributions at a frequency of 1 THz (in the passband) and at 1.5 THz (in the stop-band). These are shown in Fig. 5 (c) and 5(d), respectively. It is clear that the 1.0 THz wave can smoothly pass through the plasmonic filter but the 1.5 THz wave is reflected in region II.
It should be pointed out that at 1 THz, the dispersion curves indicate that the waveguide mode has a positive group velocity regardless of n. Consequently, typical wave propagation behavior is observed throughout the whole waveguide at this frequency, as shown in Supplementary GIF S1. However, for some n there are frequencies where the sign of the group velocity will be positive or negative depending on k. For these frequencies, a unique phenomenon occurs where the transmission results from simultaneously backward (negative v g ) and forward (positive v g ) waves. For example, we can clearly see such behavior from the phase dependence of the electric distribution at 1.25 THz, as shown in Supplementary GIF S2, where both positive and negative group velocity waves appear around the 3-turn spirals in region III while only positive velocity waves appear in rest of the structure.
To investigate any bend loss characteristics of the proposed plasmonic waveguide. We have simulated a 90°sharp bend in the middle of the plasmonic waveguide with a quarter-circular arc in the CPW-PPW-CPW structure. The radius of the arc of this structure is set as r o = 8d/π = 35.67 μm to keep the same total length as the straight structure. Fig. 5(a)-5(d) show the waveguide with 90°sharp bend structure, the simulated S parameters, and the normalized |E| distributions at 1 THz and 1.5 THz, respectively. The additional bend only results in small additional insertion losses compared to the unbent structure. The terahertz wave from the input CPW can also be effectively guided to the output CPW at 1 THz and reflected in Region II at 1.5 THz, just as in the straight waveguide case. These results demonstrate that the proposed plasmonic waveguides have excellent propagation performance, strong subwavelength confinement, and low transmission loss and bending loss. These properties are desirable for applications of various terahertz planar plasmonic devices.
As discussed above, the proposed planar plasmonic waveguides, acting as an ultra-wideband terahertz low-pass filter even with 90°sharp bend, can be applied in some ultra-wideband terahertz communication transceivers and systems. However, some undesired signals from external sources may exist within the filter passband in practical broadband terahertz wireless communication applications. Here, we propose a novel type of planar plasmonic notch filters to remove contamination from unwanted signals. The notch filter is composed of a terahertz planar plasmonic waveguide, with spoof SPP ring resonators based on the spirals located in the PPW region. The spoof SPP ring resonator consists of a ring of outer radius R with several spirals attached. The spirals are spaced apart by an angle θ around the ring. Schematic illustrations of the spiral ring resonator with 2-and 4-turn spirals are illustrated in Fig. 6 (a) and 6(b), respectively. In these cases, b = 1.5 μm, θ = 45 • , R = 12 μm. Fig. 6 (c) and 6(d) display the normalized magnetic field magnitude distributions at 2.1 THz and 0.96 THz, respectively, which correspond to the resonant frequencies of the overall resonator structure. The resonant frequency of ring resonator structure and asymptotic frequency of spiral-based waveguide as a function of n is presented and compared in Fig. 6(e) . It is observed that the asymptotic frequency is larger than the resonant frequency when n < 3. As n increases, both of the resonant frequency and asymptotic frequency decrease simultaneously and finally converge for n > 3. Fig. 6(f) illustrates the dependence of the resonant frequency of the ring resonator on the outer radius of the ring R and spacing angle θ for n = 2 and 4. The resonant frequency varies noticeably for different R and θ when n = 2, while the changes become very small when n = 4.
Taken together, the results show that the resonant frequency is significantly affected by both the R and θ when n < 3. This is because when n is small the field confinement of the spirals is not very strong. In these instances, the terahertz spoof SPPs are not confined exclusively in the spirals, but also extend around the ring as depicted in Fig. 6(c) . This makes the resonant frequency lower than the asymptotic frequency. When n is large, the terahertz spoof SPPs are concentrated in the spirals with little energy distributed into the ring, as illustrated in Fig. 6(d) . Thus, the resonant frequency will be determined by the asymptotic frequency or the length of the spirals with little influence from variations of R and θ.
In the notch filter design, the ring resonators are integrated into the ultra-wideband plasmonic waveguide structures. To test the design scheme, 4-turn spirals are used on the ring resonators. The resonant frequency of this structure is lower than the cut-off frequency of the 3-turn spiral plasmonic waveguide. As illustrated in Fig. 7(a) , by placing double ring resonators above the uniform PPW in region III with D x = 40 μm and D y = 98 μm, a plasmonic notch filter is demonstrated. The simulated transmission and reflection coefficients are plotted in Fig. 7(b) . It is observed that the notch filter has a maximum spectral transmission of −17 dB between 0.97 THz ∼ 0.99 THz. The transmission coefficient is as low as −40 dB at 0.99 THz, thereby effectively suppressing contamination from the signals at notch-band frequencies. We note that the notch frequency is very close to the resonant frequency of 0.96 THz for the ring resonators, in good agreement with the prediction. In addition, a small S21 peak at 1.13 THz is also observed, which mainly results from the parasitic resonance caused by the double resonators. Away from the frequencies around the notch and the parasitic resonance points, the ring resonators almost have no influence on other transmission bands.
Finally, the electric field magnitude distributions at 0.5 THz, 0.99 THz, and 1.5 THz are presented in Fig. 7(c)-7(e) . It is observed that the terahertz spoof SPPs propagate along the plasmonic waveguide with little coupling to the ring resonators at 0.5 THz in the passband, keeping the transmission coefficient almost unchanged compared to that of the plasmonic waveguide. At the notch frequency of 0.99 THz, most of the terahertz spoof SPPs are coupled into the first ring resonator, and the rest of spoof SPPs will be filtered again by the second ring resonator, resulting in extremely high rejection. When the frequency is 1.55 THz, above the transmission band, terahertz waves will propagate to the coupler region but no waves will propagate through the notch filter due to dispersion characteristics of the spiral-shaped units. Because of the excellent spectral rejection properties, these notch filters may have great potential applications in the promising terahertz integrated plasmonic circuits and systems.
IV. CONCLUSION
In this study, we have demonstrated a new efficient route to achieving super subwavelength guiding and rejecting of terahertz spoof SPPs enabled by planar plasmonic waveguides and notch filters based on Archimedean spirals. It is found that the dispersion characteristics can be flexibly manipulated by controlling the geometrical parameters of the spirals. The simulated results show the proposed waveguides process low asymptotic frequency and strong confinement guiding characteristics, which are expected from the extraordinary flatness of the dispersion curves and unique negative group velocity. Compared with the conventional rectangular-grooved plasmonic waveguides, a decrease in size of 74.7% is achieved for the proposed waveguides under the same asymptotic frequency of 1.21 THz. This implies that using spirals will enable ultra-compact waveguides and integrated devices and circuits. Then, by applying two broadband couplers, a lowpass filter is designed using a CPW-PPW-CPW structure to verify the propagation properties of terahertz spoof SPPs. Furthermore, we have demonstrated a planar plasmonic notch filter by inserting two ring resonators with spirals attached. The filter has a spoof SPPs rejection ranging from −17 dB to −40 dB to effectively mitigate the undesired signals. The proposed waveguides and notch filters may have great potential applications in various highly integrated terahertz plasmonic circuits and systems, which can be easily scalable to microwave or millimeter wave regimes.
